Grafting is a vegetative plant propagation technique. In a grafted plant, the upward supply of water and mineral nutrients as well as the downward flow of photosynthesis are modified. In this context, the objectives of this work were to find out whether the grafting of pepper plants (Capsicum annuum L. family Solanaceae) reduces 
Introduction
Boron (B) toxicity is a serious agricultural problem which limits productivity in various areas of the world.
This problem occurs in B rich soils or in soils exposed to B rich irrigation water, sewage sludge, or fly ash (Chatzissavvidis and Therios, 2011) . In the near future, there could be an intensification of B toxicity in the Mediterranean and other areas as a consequence of inadequate precipitation. Due to the limited supply and high market demand for vegetables globally, pepper (Capsicum annuum L. family Solanaceae) plants are frequently cultivated in marginal soil conditions, such as low soil P (Tanwar et al., 2013) and high B.
Grafting cultivars (cvs) onto rootstocks capable of reducing the effect of external stresses, such as high manganese (Mn) levels (Savvas et al., 2009) , salts (He et al., 2009) , as well as B (Chatzissavvidis and Therios, 2011) , gives the rootstock the ability to alleviate these adverse effects. Furthermore, Edelstein et al. (2011) indicated that pumpkins roots excluded 74% of available sodium (Na) when pumpkin was used as a rootstock. Grafting experiments on olives (Chatzissavvidis et al., 2008) and almond on Nemared peach (El-Motaium et al., 1994) demonstrated the ability of the rootstock to influence B accumulation in leaves as well as scion survival.
B toxicity reduces growth and causes chlorosis starting at the leaf tip and the margin of mature leaves (Paparnakis et al., 2013 , Sarafi et al., 2016 . A number of physiological processes have been shown to be altered by B toxicity. This includes membrane damage, disruption of cell wall development, metabolic disruption by binding to the moieties of adenosine triphosphate (ATP), nicotinamide adenine dinucleotide (NADH) and nicotinamide adenine dinucleotide phosphate (NADPH), and inhibition of cell division and elongation . In addition, plants suffering from B toxicity also exhibit increases in antioxidant capacity (Cervilla et al., 2007) , as well as in phenolic metabolism (Ardic et al., 2009) . Peppers contain moderate to high levels of phenolics or flavonoids, phytochemicals that are important antioxidant components of a plant-based diet which may reduce the risk of degenerative diseases (Hasler, 1998) . Furthermore, B application significantly increased dry fruit yield in Capsicum annuum L. and that maximum yield was associated with the internal B requirement (Rafique et al., 2012) . Boron toxicity caused leaf chlorosis and decreased fresh and dry yield, fruit number and plant height (Akinci, 2006) .
Grafting is widely used for various vegetable crops
having the potential to greatly reduce costs. The use of grafted vegetable seedlings is popular in many countries (e.g. Savvas et al., 2009; Schwarz et al., 2010) . In recent years, the cultivated areas of grafted Solanaceae, including peppers, have increased in order to improve resistance to soil borne diseases, as well as tolerance to abiotic stresses, such as B toxicity (Schwarz et al., 2010) . For example, there was a lower accumulation of B in leaves in melon plants when they were grafted onto Cucurbita (TZ-148), highlighting the ability of the rootstock to exclude B and limit its transportation to the leaves (Edelstein et al., 2005) .
Additionally, Edelstein et al. (2005) found that the fruit yield of the grafted plants was less affected by B accumulation in the leaves than in the non-grafted plants, however not offering any explanation for this phenomenon. Grafting was also found to improve salinity tolerance of the tomato plant by limiting the transportation of sodium (Na) and chloride (Cl) to the shoot (Estan et al., 2005) .
As B toxicity is a serious problem in agricultural lands, we assumed that grafting may reduce B con- 
Materials and Methods

Plant material and growth conditions
A greenhouse experiment was conducted in a heated greenhouse at the farm of the Aristotle University of The experimental plants were irrigated with 50%
Hoagland nutrient solution in macronutrients and full strength in micronutrients modified to include 5 mg 
Plant sampling
After plant removal at 7, 14, 21 and 28 d from the initiation of the experiment, ungrafted C, T, I and A, and grafted combinations of CxT, CxI and CxA plants were separated into leaves and roots. The plant material was rinsed once in tap and twice in distilled water, then blotted dry on filter paper. At each sampling, leaf matter was used fresh for the analysis of total phenols, total flavonoids, FRAP, and DPPH. The rest of the leaf and all of the root material were used for another sample which was dried in a forced-air oven at 68 ºC for 48 hours, ground in a Willey mill to pass through a 30-mesh screen which was then used for B analysis.
Boron determination
Tissue B determination was made for the whole leaf mass per plant according to Azomethine-H method (Bingham, 1982) .
Total phenols
Tissue phenol determination of plant samples was made according to a method using the Folin-Ciocalteau reagent as described by Sarafi et al. (2017) , and expressed as mg gallic acid equivalent (GAE) g -1 of fresh weight (FW).
Total flavonoids
Tissue flavonoid determination of plant samples was made according to a colorimetric method as described by Sarafi et al. (2017) . Rutin was used as the standard compound for the quantification of total flavonoids.
Values were expressed as mg of rutin g -1 FW.
Αntioxidant capacity
To estimate the antioxidant capacity, two methods were used: Ferric reducing antioxidant potential (FRAP) and 2,2-diphenyl-1-picryl hydrazyl (DPPH)
as described by Sarafi et al. (2017) . 
Data analysis
The experimental layout was a completely random- 
Total phenols and total flavonoids
The concentration of total phenols and flavonoids was affected by grafting, scion-cultivar, and the du- 
Total antioxidative capacity (FRAP)
After 7 d of B treatment, the greatest antioxidant capacity of the leaves, as measured by the FRAP assay, was recorded in the combination CxI, which was 25%
greater than the non-grafted C plants ( Figure 4C ). The 
Antioxidative capacity DPPH (% inhibition and mM ascorbic acid g -1 FW)
Seven days after the initiation of B treatment, there was either a positive or negative effect on the DPPH value (% inhibition) due to grafting. While the DPPH value increased by 30% in the CxT combination compared to the non-grafted C plants ( Figure 4D ), it decreased in the CxI and CxA combinations to 61% and 70%, respectively.
At 14 d of B stress, grafting reduced the DPPH value.
There was a significant decrease in the DPPH values of the CxT , CxI and CxA combinations by 63%, 44% and 44% respectively in comparison to the nongrafted plants ( Figure 5D ).
After 21 d of B treatment, grafting increased the
DPPH values for the scions T, I and A, by 28%, 28%
and 23%, respectively ( Figure 6D ). After 28 d, there
was an increase in the DPPH values for the T and I cvs by 20% and 10% respectively, whereas the CxA combination had a lower DPPH value (86%) than that of the non-grafted C plants ( Figure 7D ).
When the antioxidant activity was expressed in mM
Ascorbic acid g -1 FW ( Figures 4E, 5E , 6E, 7E) the pattern was similar to the expression in % inhibition.
The concentration of ascorbic acid (mM g -1 FW) after 7 and 14 d varied from 2-5 mMoles, while it increased to 10-12 mMoles after 21 and 28 d of B treatment. (Table 1) . Goldberg et al. (2003) found that efflux . It is likely that, one of these mechanisms is also at work in pepper plants but further research is necessary to determine this point. Sarafi et al.
The influence of the rootstock cvs on the mineral concentration of aerial plant parts was attributed to physical characteristics of the root systems, such as lateral and vertical root extension, which resulted in enhanced or reduced uptake of minerals. Vertical root extension is one of the many motives for the widespread use of grafted rootstocks (Lee, 1994) . In water melon plants, it was found that lower accumulation of B in leaves was obtained when they were grafted onto squash, indicating the ability of the rootstocks to exclude B and possibly limit its transport to the leaves (Edelstein et al., 2005) . Similar results were found in Root to shoot, as well as top to root graft transmissible signals have been demonstrated (Molnar et al., 2010) . The final leaf B concentration is affected by transport recirculation and uptake, as well as scion growth (Nawaz et al., 2016) .
Many rootstocks used for grafting vegetables are able to increase the uptake rates of some nutrients because they constitute a more vigorous root system than those of elite varieties (Savvas et al., 2013) . The C cv used as rootstock in the present study reduced B uptake and translocation to the shoots and leaves of pepper cvs that were used as scions. This is in agreement with other authors who worked on a variety of nutrients. For instance, Edelstein and Ben-Hur (2007) reported that the concentration of Mn in melon plants grafted onto TZ-148 was substantially lower than that measured in non-grafted plants. This response indicates that the translocation of B from the root to the shoot is impaired by the grafting incision.
Mechanisms which are considered to regulate nutritional and developmental relations between the roots and shoots include long distance protein, mRNA and small RNA graft transmissible signals, which might be important for grafting physiology (Goldschmidt, 2014) . In addition, miRNAs play a vital role in the maintenance of nutrient homeostasis in plants, and thus, regulate the expression of the transporters who mobilize nutrients to the leaves (Paul et al., 2015) .
Another factor which can reduce B transport to the leaves of grafted plants are the differences in sugar formation and miRNAs between cvs, which function as long-distance signalling molecules and regulate both B uptake and transport (Nawaz et al., 2016) .
Decreased sugar formation in grafted plants reduces the energy pool available for the uptake and transportation of B, due to the effects of grafting on the photosynthetic metabolism (Amaro et al., 2014) as well as the hormonal levels (cytokinin and auxin) (Albacete et al., 2009) . The data from the present study cannot specify which of the above-mentioned mechanisms are involved in B mobilization to the leaves. However, our findings suggest that grafted pepper plants can have the effect of limiting the absorption and transportation of B from the roots to the leaves. This is most likely due to the grafting zone differences in miRNAs, which function as long distance signaling molecules, also the hormonal levels (cytokinin and auxin), as well as differences in the sugar formation of the various rootstock-scion combinations. Thus, further research is necessary in order for this point to be better determined.
Although the rootstock genotype determines the uptake rate of B, the response of the grafted plant to excessive B is determined ultimately by the scion cv.
When a rootstock that is excess B tolerant is grafted onto a particular scion genotype, might prove to be completely inefficient in enhancing B stress tolerance.
Our results emphasize the need to test each grafting combination and not merely each rootstock for its ability to ameliorate B toxicity.
Another metabolic process that has been associated with the resistance responses to different types of abiotic stresses in plants involves phenolic compounds.
Phenols help to prevent the formation of reactive oxygen species (ROS). Secondly, phenolic compounds also display antioxidant action which depends primarily on the number and position of hydroxyl groups in the structure (Cai et al., 2006) . The concentration of total phenols and flavonoids is affected by grafting and scion cvs. In general, grafting with two of three tested cvs reduced the phenol concentration of leaves at 7, 14 and 28 d compared to non-grafted plants. The mechanism of this decrease is not clear, however, the grafting zone hindering the transportation of metabolites and minerals cannot be excluded. Similarly, the level of flavonoids was reduced by grafting. Likewise, it is possible that the mechanism involved is the grafting zone hindering the transportation of certain metabolites from the roots to the leaves, which are required for flavonoid synthesis.
The FRAP values showed that antioxidant capacity rose as the duration of the B treatment increased, culminating in the highest value at 28 d. This indicates that high B promoted the production of ROS. Furthermore, grafting increased the antioxidative capacity.
There are only a few studies available on the antioxidant responses of plants associated to toxic levels of B. Hence, our data agree with Ardic et al. (2009) who reported increases in the antioxidant capacity and phenolic metabolism in plants suffering from B toxicity. However, some researchers (Keles et al., 2004) found no significant changes in the phenol concentration when the irrigation water contained high B. The DPPH value was a function of cv. Therefore, the cv T increased the DPPH value to 30% in the CxT combination and decreased it in the combinations CxI and
CxA. The mechanism responsible for this difference in behavior could be ascribed to the scion but further research is required to explain this on the basis of plant physiology and molecular biology.
Conclusions
The present study shows that high B concentration in the growth substrate provokes oxidative damage in leaves, inducing a general response of antioxidant mechanisms. The grafted plants probably could exclude some B and this in turn reduced its concentration in the leaves. This was most likely achieved by the rootstock, scion cvs, or the grafting zone. Another important outcome is that the C cv could be used in agricultural practice as a rootstock for reducing B toxicity problems in the cvs T, I and A, which is an innovation in the area of vegetable crops.
